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Abstract
Impeller and chopper speeds were varied during the wet high shear granulation of a
placebo formulation. The resulting granules were extensively analyzed for differences
caused by the varying shear with emphasis on flowability. Microscopy showed that
initial granules were formed primarily from microcrystalline cellulose at all tested
impeller speeds. A low impeller speed of 300 rpm was insufficient to incorporate all the
components of the formulation into the granules and to promote granule growth to a size
that significantly improved flowability. The flow regime at higher impeller speeds
promoted granule growth. Varying the chopper speed resulted in minimal differences in
the granule flowability. Particle size distribution measurements and advanced indicators
based on avalanching behaviour, however, showed that an impeller speed of 700 rpm
with the chopper operating at 1000 rpm produced the largest fraction of optimal
granules with the best flowability.

Keywords: high shear granulation, impeller speed, chopper speed, shear forces, granule
characteristics, flowability, powder avalanching, pharmaceutical processing
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CHAPTER.1. INTRODUCTION
1.1. Downstream pharmaceutical tablet manufacturing
A pharmaceutical tablet is a solid dosage form created by compressing a formulation of
powders into a desired mould. The tablet is by far the most widely used dosage form in
modem medicine, possessing advantages to both the manufacturer and recipient
including cost of manufacturing and ease of use, respectively (Niazi, 2004; Armstrong,
2006).

Figure 1.1 shows a common downstream pharmaceutical tablet manufacturing pathway.
There are several process steps in the pathway. Each step is conducted batchwise and
then tested extensively before the products can move to the next step. This extensive
testing at every step helps to ensure that the final resulting tablets are of high quality.

One of the first steps is to mix and then granulate most of the excipients with the active
drug powder in a high shear granulator. Excipients are the components of the
formulation that ensure that the tablet has the required properties. These include
powders that allow for correct dissolution and disintegration of the tablet as well as
fillers to ensure that the final tablet is sufficiently large to allow for easy patient
handling. During high shear granulation, a liquid binder is added to the powder to
promote the components of the powder to agglomerate into granules. The wet granules
must then be dried, usually using a fluidized bed, to reduce stickiness and excess
moisture that could promote bacterial growth. Milling ensures that the dried granules
are within a specified size distribution. A second mixing step adds glidant and
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lubricating excipients that could not initially be added. The last step in the pathway is to
tablet the formulation.

Apparatus

High shear
granulator

Unit Operation

Excipient

Mixing

Filler
Disintegrant

1 2
High shear
granulator

Agglomeration

Fluidized bed
drier

Drying

Liquid binder

____________ __________________

Hammer mill

Milling
____________

Mixer

Mixing
____________

Rotary press

1 2 ____________
Lubricant
Glidant

1 2 ____________

Tabletting

Figure 1.1 - Common downstream pharmaceutical manufacturing pathway (adapted from Aulton, 2002)

Each step in the downstream manufacturing pathway modifies the powdered
components to provide a final mixture that will flow easily into the tablet press. This
final mixture flows by gravity from a hopper into the tablet press die. The powder in the
die is then compressed between an upper and lower punch until a tablet is formed. The
upper punch is first retracted allowing the lower punch to rise level to the top of the die,
where the tablet is subsequently removed (Alderbom, 2002). If the powder does not
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flow into the tablet press die in a very specified manner, the resulting tablets will be
poor in quality and may have to be discarded.

One of the most important steps in the downstream manufacturing pathway is
granulation. This step agglomerates the powdered components into granules. This step
increases the bulk density of the powder so that a required amount can fill the die
volume, improves homogeneity and reduces segregation promoting uniform and
consistent tablets. Granulation also improves flowability of the powder so that
variations in weight and dose between tablets are minimal.

High shear granulation is a complex process that can be affected by variability in the
formulation as well as processing parameters. Although high shear granulation is
extensively used in the pharmaceutical industry, the process is not well understood and
operating parameters are often selected empirically. The focus of this thesis research
was therefore to investigate the effect of two operating parameters: impeller speed and
the presence and speed of the chopper. A better understanding of these two operational
parameters would help in process optimization which then leads to reduced tablet
development time and decreased manufacturing costs.

1.2. Granulation
Over 70% of the pharmaceutical industry uses wet granulation to prepare granules for
tabletting (Tousey, 2002).

For wet granulation, a liquid binder is added to the powder mixture, usually by
spraying, and dispersed evenly throughout the mixture. The binder is used to create
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liquid bridges between the particles and allow them to agglomerate (Summers and
Aulton, 2002). There are two general ways that wet granulation is performed: fluidized
bed granulation and high shear granulation. Although fluidized bed granulation has
many distinct advantages, high shear granulation is the most commonly used method.

With high shear granulation, the powders to be granulated are loaded into a process
bowl. A rotating impeller exerts shear and compaction forces on the particles. A
chopper is usually located at or near the bowl wall and can contribute to the granulation
process. A liquid binder is usually added with a spray nozzle. The liquid binder impacts
upon the moving powder bed in the process bowl forming granule nuclei. The granule
nuclei grow as die process continues. The process is stopped when the granules have
achieved a set of desired properties.

Continuous research is conducted regarding the appropriate stopping or end-point for
granulation. Many methods have been investigated for end-point determination and
process monitoring. These methods include power consumption measurements (Holm et
al., 1985a, 1985b; Terashita et al., 1990a, 1990b; Laicher et al., 1997; Pepin et al.,
2000a, 2000b; Watano et al., 1992; Betz et al., 2003,2004), acoustic emissions
measurements (Whitaker et al., 2000; Briens et al., 2007; Daniher et al., 2008; Papp et
al., 2008; Gamble et al. 2009; Hansuld et al., 2009), measuring the torque of the
impeller, image processing using a fuzzy logic control system (Watano et al., 2001), and
using vibration probes to measure the impact of particle collisions (Ohike et al., 1999;
Talu et al., 2001; Briens et al., 2007; Daniher et al., 2008).
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13. High shear granulation operating parameters
Once the desired excipients have been selected for granulation, a number of operating
parameters must be set and often adjusted in order to achieve optimal granules.
Operating parameters that can be varied include: binder addition method, binder
addition flowrate, chopper speed, impeller speed and process times.

The impeller is known to be an important operating parameter. Its effects on granules,
as reported in the literature, can vary. Granule properties that have been reported to be
affected by impeller speed include median granule size, size distribution, granule shape
and granule strength. Further research to understand the effect of the impeller on
granulation is required. This would then contribute to the optimization of operating
parameters.

The function of the chopper during high shear granulation remains unclear. Granule size
and shape has been reported to be affected by the chopper and, it has also been reported
that tiie chopper has no effect on granules. More research is therefore required to
understand the role of the chopper which could then contribute towards process
optimization.

1.4. Granule characterization
Many granule properties are usually measured after the high shear granulation step to
assess the flowability potential for subsequent downstream steps such as tabletting and
also to assess properties that can influence tablet quality. Tablet tensile strength is
determined by the intergranule microstructure of the tablet which in turn is influenced
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by pore size, flaw size, area of intergranular contact and adhesion strength (Alderbom,
2002). Therefore granule size, shape, porosity, and compression yield strength directly
influence tablet properties. Due to this relationship, granule properties such as size, size
distribution, density, and flowability should be measured.

Several different methods and approaches are available for determining particle size and
size distribution. Traditionally, size distributions have been measured by passing a
powder sample through a series of sieves. Other methods such as image analysis,
specifically electron microscopy, can confirm size estimates and allow detailed
observation of the shape and morphology of the particle. Other size measurement
techniques include laser diffraction, dynamic light scattering, electrolytic resistivity,
sedimentation and adsorption methods (Fonner et al., 1981; Dukhin, 2011).

Increasing the flowability of the formulation is one of the main objectives of granulation
and therefore flowability measurements are critical for evaluating the performance of
granulation. Flowability can be measured using several techniques. The static angle of
repose is a quick and easily performed measurement that involves pouring a powder
into a conical pile and measuring the maximum slope of the pile. A high angle of repose
corresponds to a cohesive powder with poor flowability while a low angle of repose
indicates a freely flowing powder. Density measurements can also be performed to
predict powder flow. Hausner ratio and Carr’s compressibility index are common
cohesivity measurements that incorporate tapped and bulk density measurements.
Powder avalanching, involves rotating a powder in a cylindrical drum. As the drum is
rotated the powder sample is carried up the side of the drum until the powder build-up
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reaches instability sufficient to cause a collapse. This collapse leads to a cascade of the
powder which is defined as an avalanche. Avalanche sensing systems are visual or load
sensitive and record values such as avalanche period, size, as well the powder surface
properties throughout the duration of the test. Other equipment used for measuring
flowability include shear cell testers and powder rheometers (Lindberg et al., 2004).

1.5. Thesis overview
Chapter 1 provides an introduction to the thesis. There is a short overview of
pharmaceutical tablet manufacturing focusing on high shear granulation. The operating
parameters of high shear granulation are briefly discussed and then granule
measurements are presented as these are required for assessing the effect of the
operating parameters on granule properties.

Chapter 2 provides a literature review of some key aspects related to high shear
granulation. A section on granule formation and growth is given. In addition, a detailed
review of granule characterization methods is provided. Sections on the effect of the
impeller and the chopper during high shear granulation are not included in this chapter
as they are incorporated in the manuscripts presented as Chapters 3 and 4.

The overall objective of the thesis research was to investigate the effect of the impeller
and chopper on granule properties formed during high shear granulation. The research is
summarized in two manuscripts presented in Chapters 3 and 4. In Chapter 3, the focus
was on the effect of the impeller speed on granule properties while Chapter 4 focused
on the effect of the chopper.
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Chapter 5 provides an overall conclusion for the thesis research.
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CHAPTERS. LITERATURE REVIEW
2.1. Granulation
2.1.1. Granule formation and growth
Granulation combines a variety of different particles to form small ‘snowball’
structures. The formation of these multi-particle units depends on interparticle bonding.
The presence and strength of these bonds is reflected in the granule structure, shape and
size. Five primary bonding mechanisms exist between particles: adhesion and cohesion
forces in immobile films, interfacial forces in mobile liquid films, solid bridges after
solvent evaporation, attractive forces between solid particles, and mechanical
interlocking. While each of these mechanisms may play roles in interparticle bonding,
the interfacial forces in mobile liquid films within the granules are the key bonding
mechanism in granule formation (Summers and Aulton, 2002).
A

During wet high shear granulation a liquid binder is sprayed onto an agitated powder
bed. Agitation provided by the impeller and chopper helps to distribute binder
throughout the bed. Summers and Aulton (2002) describe three states of liquid
distribution between particles: pendular, funicular and capillary. In the pendular state, at
low moisture content, the particles are adhered by lens shaped rings of liquid because of
surface tension forces (of the liquid-air interface and the hydrostatic pressure in the
liquid bridges). As more liquid is added to the granular system, a funicular state is
achieved where the liquid bridges are strengthened and less air is present between the
particles of the granular structure. The capillary state is reached once no more air is
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present between the particles. At this point, the particles are held together by capillary
suction at the liquid-air interface which only exists at the granule surface, due to the
absence of all air within the granule (Summers and Aulton, 2002). Achieving the
capillary state is highly, but not solely dependent on the moisture content of the powder
bed. Increasing mixing can decrease the separation distance between the particles of
granules in the pendular state and density the granular structures as the air pore volume
decreases.

Particle bonding provides the basis for the granule formation and growth mechanism
proposed by Summers and Aulton (2002). The mechanism is divided into three stages:
nucleation, transition and ball growth. The initial nucleation stage begins with the
formation of liquid bridges between the particles to form the pendular state. The
continued binder addition and agitation causes a shift from pendular to capillary state
creating the nuclei for further granule growth. At this point, classified as the transition
stage, the granules can grow through either the addition of single particles through
liquid bridges or by merging with other nuclei. In the case where nuclei combine, the
granule shape and structure is reshaped by forces within the granulator. This stage is
characterized by a large number of small granules with a wide size distribution. In
general, this a suitable end-point for granules used in tabletting since small granules are
required to ensure uniform die fill. Beyond this stage exists further granule growth
where large spherical granules are produced and the mean particle size increases with
granulation time. During this stage, granulation must be carefully monitored since too
much agitation or binder addition can lead to the formation of over wet, unusable
agglomerates. A schematic of this process is shown below in Figure 2.1.
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Spraying

Stage 1 : Nucléation

Stage 2 : Coalescence

Final Granule

Figure 2.1 - Granule formation process (adapted from Glatt GmbH, 2011)

There are three mechanisms largely responsible for granule development: coalescence,
breakage and abrasion transfer. Coalescence is generally regarded to be the dominant
mechanism responsible for growth and occurs when multiple granules join together
forming a larger granule. While the other two mechanisms contribute to growth, they
are simultaneously responsible for size reduction. Growth due to breakage occurs when
granules fragment and adhere to other granules with which they collide while abrasion
transfer occurs from granule attrition that adhere to other granules resulting in both
increased and reduced granules (Summers and Aulton, 2002). The mechanisms are
shown schematically in Figure 2.2.
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C oalescence

Figure 2.2 - Competing mechanisms responsible for granule growth (adapted from Summers and Aulton,

2002)

In addition to the competing mechanisms approach for describing the granulation
growth process, Ennis and Litster (1997) provided a condensed description of
granulation as a combination of three sets of rate processes. The first stage includes
wetting and nucléation in which a liquid binder is distributed throughout the dry powder
initiating the formation of granule nuclei. Consolidation and growth follows the initial
nucléation where granule size enlargement is observed. Growth and compaction result
from granules colliding with other granules as well as the granulation equipment. The
final rate process of attrition and breakage leads to granule size reduction resulting from
collisions or contact between multiple granules or granules and the equipment (Ennis
and Litster, 1997). A schematic of this granulation model is presented in Figure 2.3.
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(1) Wetting & Nucléation

(2) Consolidation & Coalescence

Figure 2.3 - Three sets of rate processes describing granulation (adapted from Ennis and Litster, 1997)

The advantage of this latter approach for describing granulation is that it distinguishes
between granule growth and breakage. The competing mechanisms described in the first
granulation are critical in the granulation process, but do not provide a means of
measuring granulation progression since they can all be considered to play roles in both
coalescence and/or breakage (Iveson et al., 2001).
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2.2. Granule characterization
Granule properties are measured after granulation to assess the flowability potential for
subsequent downstream steps such as tabletting and also to assess properties that can
influence tablet quality. Granule properties such as size, size distribution, density and
flowability are generally measured.

Several different methods and approaches are available for determining these
parameters. Particle size and size distribution can be measured by sieving, microscopy,
laser diffraction, dynamic light scattering, electrolytic resistivity, sedimentation and
adsorption methods (Former et al., 1981; Dukhin, 2011). Microscopy can also be used to
examine shape and morphology of particles. Density measurements such as the Hausner
ratio and Carr index are used to measure the cohesiveness of a powder through
compaction. Further tests used to measure the flow properties of powders include the
angle of repose, powder avalanche behaviour, critical orifice diameter identification and
behaviour in a shear cell.

2.2.1. Size and shape
Flow properties of powders are influenced by particle surface, shape, size, size
distribution and density. Since cohesion and adhesion interactions occur between
molecules at surfaces, particle size greatly affects the flow properties of a powder. Fine
particles smaller than 100 pm have high surface to mass ratio and are generally more
cohesive than coarser particles in which gravitational forces dominate, thus increasing
flowability. Interparticle contact area of particles due to differences in shape can also
greatly affect flowability. While spherical particles have minimum interparticle contact
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leading to optimal flow, flake-like particles or other shaped particles exhibiting high
surface to volume ratio are more cohesive and have poor flow properties. Lastly, dense
particles flow more freely than lighter particles since cohesion is weaker due to
gravitational forces acting on the powder (Staniforth, 2002a).

Several different methods and approaches are available for determining particle size and
size distribution. Traditionally, size distributions have been measured by sieving.
Sieving is performed by passing a powder sample through a series of woven mesh trays
with different aperture diameters. The mesh trays are stacked such that particle with a
certain diameter cannot pass through, while particles with a critical diameter smaller
than that of the mesh continue down through the series of sieves until they can no longer
pass (Staniforth, 2002a). The process of sieving is useful for calculating both a median
size and size distribution of a sample and is capable of handling a wide range of
particles sizes from microns to centimetres (Merkus, 2009). Sieving does however have
certain limitations including long processing times. Sieving cannot be used on fragile
solids as the mechanical shaking promotes attrition; it is therefore important to establish
the strength of granules or agglomerates and avoid shaking the sieves so vigorously as
to promote granule breakage (Staniforth, 2002a). Triboelectric charging of nonconductive solids can also occur during shaking leading to small particles sticking to
either the trays or larger particles rather than falling through the sieves. Larger particles
filling the mesh openings, known as mesh blinding, can also present problems and
increased possessing times. Ultrasound technology has been developed to enhance
screening efficiency (Russell Finex Ltd., 2008). Acoustic transducers are used to apply
ultrasonic frequencies to the screen meshes, in turn reducing the surface tension of the
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particles. By reducing particle-particle and particle-mesh frictional forces, process time
can be significantly reduced. Ultrasonic sieving can be performed without mechanical
agitation but is generally combined with shaking for improved results (Russell Finex
Ltd., 2008). Another variation of sieving is air-jet sieving. Instead of using a stack of
sieves together, this method uses a single sieve. Particles are assisted to pass through the
sieve mesh by applying a partial vacuum below the sieve, while a reverse air jet used to
prevent mesh blinding. The undersized particles are sequentially removed from the
sample by repeating this method with sieves progressively larger apertures. This method
has been found to be more efficient and reproducible than traditional sieving, however,
agglomeration can occur when measuring finer particles (Staniforth, 2002a). A final
drawback with sieving includes the inability to calculate a volume equivalent diameter
for non-spherical particles.

Electron microscopy can confirm size estimates and allow detailed observation of the
shape and morphology of the particles. Scanning electron microscopy is performed by
preparing a small powder sample on an aluminum plate and coating the powdered
particles with a thin layer of gold nanoparticles. The imaging requires using a highenergy beam of electrons that interact with the atoms of the powder sample which
produces signals reflecting granule and particle appearance at a microscopic level
(Staniforth, 2002a). Disadvantages of seaming electron microscopy (SEM) include
sampling preparation and error. Since the analyzed sample is small, it may not provide
an accurate representation of the entire formulation.

22

Sedimentation or centrifugation in a liquid can also be used to measure particle size.
Sedimentation can be defined as the inclination for particles in suspension to settle out
of the liquid or fluid that they are entrained in. By measuring the settling velocity of
particles in a fluid particle size can be calculated using particle density and fluid
properties (Staniforth, 2002a). A limitation of this method is the introduction of a fluid
interacting with the particles. For water soluble materials, non-aqueous liquids must be
used. It is recommended that this technique be avoided for measuring porous particles,
however, if present it should be ensured that the liquid has filled all the pores and that
the effect of the liquid on apparent particle weight is accounted for (Merkus, 2009). This
can often be difficult to measure. This process is also limited to measuring relatively
small particles less than 200 pm in diameter (Staniforth, 2002a; Merkus, 2009).

Laser light scattering is another method used to measure particle size that requires
particle suspension in fluid. A laser beam of light is directed at the particles suspended
in fluid which scatters the light at different angles (smaller particles scattering at larger
angles) creating a projection that is used to measure particle sizes (Staniforth, 2002a).
While the particle size range for light scattering is wide (0.1-3000 pm), the method has
limitations with fragile particles since breakage can occur during dispersion due to
sonication (Merkus, 2009).

2.2.2. Bulk density measurements
The bulk density of a powder depends on particle packing and particle interactions. The
bulk density of a powder is affected by the true density of the particles, the particle size
and size distribution, particle shape and cohesiveness (Staniforth, 2002b). An increase
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or decrease in bulk density can be attributed one or a combination of any of the
properties listed above. True density is directly proportional to bulk density, thus the
greater the true density the greater the bulk density. While large particles or particles
with irregular shapes tend to create large voids thus reducing bulk density, large size
distributions increase the filling of empty voids thereby increasing the bulk density. By
the same principle as increasing size distribution, a more closely packed cohesive
powder will have a greater bulk density compared to a non-cohesive or non-compact
powder. Table 2.1 summarizes how an increase in each property can be related to
change in bulk density.

Table 2.1 - Relationship between factors affecting bulk density

Variable

Change in variable

Change in bulk density

True density
Cohesiveness
Particle size
Size distribution
Shape irregularity

ft

ft

ft

ft

ft

ft

ft

ft

ft

ft

The Hausner ratio and Carr index indicate the cohesiveness of a powder using the ratio
of tapped to bulk density. The initial bulk density is known as a fluff or poured density
and can be achieved by pouring the powder down a chute. The tapped density is then
achieved by mechanically tapping the cylinder of powder until it reaches its most stable
particle arrangement. The mathematical formulas for calculating these density
measurements are provided:

Hausner Ratio =

tapped density
bulk density

( 2- 1)
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Can- Index = t^ P P ^ density -bulk density x 100%
tapped density

(2.2)

Cohesiveness and flow properties of powders have been generalized numerically for
both the Hausner ratio and Carr index. A Hausner ratio larger than 1.4 indicates a very
cohesive powder while a ratio lower than 1.25 indicates a less cohesive, more free
flowing powder. Powders with Hausner ratios between 1.25 and 1A belong to a
transitional group with some cohesive properties (Abdullah and Geldart, 1999). A Carr
index below 20-25% indicates good flowability (Carr, 1965).

The Hausner ratio and Carr index are good measures of cohesiveness of powders and
are very reproducible. The major drawback of density measurements, however, lies in
powder handling. It is difficult to compare these measurements in literature due to
variations in techniques used to achieve both bulk and tapped densities as well as
powder handling methods prior to testing. They are however inexpensive and relatively
fast and easy to perform thus remain a good measurement technique to compare
flowability properties.

2.2.3. Angle of repose
The angle of repose is defined as the critical angle or steepest slope relative to the
horizontal plane that a material or powder can achieve before sliding. This measure is
used to describe the flowability of powders due to its relationship with interparticle
cohesion (Staniforth, 2002b).
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The three basic angles of repose are defined as the static angle of repose, the dynamic
angle of repose and the drained angle of repose. The static angle is achieved by pouring
powder from a fixed height to form a conical pile and measuring the maximum
attainable slope. This is a quick and useful measurement for determining general
flowability of a powder. There are several drawbacks concerning this test including
variability in sample handling prior to measurements as well as variations in conducting
these measurements (Staniforth, 2002b). It is therefore important to understand that this
measurement technique is not easily comparable throughout literature but can still serve
as a good comparative flowability measurement so long as the powder handling is
consistent. This test is also better suited for samples that consist of particles of similar
size and flowability. Measuring powder samples with wide size distributions that
include much larger particles, such as granulations, can present a challenge. A good
representation of the sample can be difficult to achieve in instances where the larger
more free flowing particles immediately slide down the powder pile slope rather than
contributing to the critical slope angle or form the basis of the angle for the finer
particles to lay on top of. The mixture must therefore be poured as homogenously as
possible to avoid size segregation resulting in misrepresentation of the true slope angle
(Chik and Vallejo, 2005).

The following is summary table that establishes a relationship between the static angle
of repose and flow properties of powders:
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Table 2.2 - Relationship between the static angle of repose and flowability (adapted from Nagel and Peck,
2003)

Angle o f repose
25 -3 0
31-35
36-4 0
41 -45
46-55

Flowability
Excellent
Good
Fair
Passable
Poor

The drained angle of repose has similar benefits and drawbacks. Once a powder bed has
been prepared, the powder is drained such that the remaining powder forms a critical
angle against a wall or on a platform. Variations of this technique include the ledge,
crater and platform methods (Staniforth, 2002b).

The dynamic angle of repose is achieved by powder avalanching. By rotating a powder
in a cylindrical drum, the critical angle before the powder tumbles can be measured
(Staniforth, 2002b). Standardized, commercialized equipment is available for measuring
this parameter.

2.2.4. Powder avalanching
An avalanche is the sliding of large mass of material down a slope. The term commonly
recognized for snow or debris sliding down a mountain slope has been adopted to
describe the very same action to measure flow properties of various materials including
but not limited to pharmaceutical powders, metallurgical materials and food products.

The powder avalanching method is a dynamic testing method originally based on the
static angle of repose test and developed to measure this parameter in a dynamic
situation. The initial interest with respect to this test was to measure the periodicity of
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avalanches. Bretz et al. (1992) first used digital image analysis in a rotating Lucite
sheeted rectangular box to observe avalanching of non-cohesive granular materials. The
tray was rotated about a fixed axis allowing the observation of avalanches in a slowly
rotating box. It was found that large avalanches occurred with a certain periodicity
while smaller avalanches had a power-law size distribution.

Research of this type led to advanced avalanching methods using cylindrical rotating
drums. The standard dynamic avalanching model consists of a rotating cylindrical drum
with transparent ends equipped with a measurement and recording system. As the drum
is rotated by a motor and shaft mechanism, the powder sample is carried up the side of
the drum until the powder build-up reaches instability sufficient to cause a collapse.
This collapse leads to a cascade of the powder which is defined as an avalanche. The
avalanching behaviour of the powder must be measured and quantified. Two types of
equipment have been developed: one using visual observations and images as the basis
for the behaviour characterization and the other using load distributions for the
measurements.

2.2.4.I. Visual observations and images
Avalanching in a rotating disc to study powder mixing was first investigated by Kaye et
al. (1995). By recording the avalanche time, defined as the time between successive
avalanches, it was possible to assess both the progression of the mixing process as well
as the comparative concentration of mixtures. Using the interval times between
avalanches, discrete phase-space maps known as strange-attractor plots were
constructed to display the time scatter. Strange attractor plots close to the origin with
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small spread between points were the result of free flowing powders, whereas more
cohesive powders produced larger spread between points and a centroid further from the
origin. This preliminary study and equipment design led to the commercialization of
this powder characterization system. The AeroFlow Powder Avalanching Analyzer was
made commercially available in 1996 by Amherst Process Instruments Inc. (Kaye,
1996).

The original AeroFlow Powder Avalanching Analyzer consisted of cylindrical disc 13
cm in diameter and 2.5 cm in width. The disc was filled with a set fractional volume of
powder and mounted to a shaft powered by an electric motor used to and rotate the
drum. The slow rotating motion caused the powder to avalanche which was then
measured by light transmitted from a source to a photocell array. Voltage signal from
the masked array was analyzed using chaos theory and fractal geometry concepts (Kaye
etal., 1995).

Using flie AeroFlow Analyzer, Feeley et al. (1998) monitored avalanching time for two
batches of salbutamol sulphate prior to and following micronisation. Clear differences
were observed between unprocessed and micronized samples by observing mean
avalanche time and constructing strange-attractor plots. Although not large, differences
between the two samples could be detected showing promise for the use of avalanche
time to characterize flowability.

Lee et al. (2000) expanded on the use of avalanching time and scatter by characterizing
powder flow using a dual approach that also relied on visual observation of the
behaviour of motion of the powder during avalanching. Statistically significant data
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established correlations for ranking the flowability of six pharmaceutical powders
between results obtained using the AeroFlow Analyzer and other powder
characterization techniques including Carr’s index, critical orifice diameter, particle size
and shape.

Lavoie et al. (2002) found that strange-attractor plots for single rotation rates did not
quantifiably demonstrate differences in flow of materials with different properties.
However, plotting avalanche time against inverse rotation rates between 0.25 and 2.4
rpm in an AeroFlow Analyzer revealed characteristic linear slopes. Since the range of
rotation rates improved distinction, the flowability and cohesion indices were calculated
by averaging the standard deviation and the average avalanche time over the entire
range of rotation rates respectively. The flowability index illustrated the resistance to
initiate movement during avalanching while the cohesion index reflected particle
arrangement stability.

Soh et al. (2006) found that using the gradients of avalanche time and scatter rather than
averaged values provided improved flowability and cohesion indices. Lactose and
microcrystalline cellulose samples were rotated between 0.25 and 1 rpm in the
AeroFlow Analyzer. Similar to Lavoie et al. (2002), the data used to construct these
indices reflected changes in both avalanche time and scatter over the range of speeds
tested. The flowability index was determined by taking the inverse of the gradient of
avalanche time against rotation speed and the cohesion index was determined as the
gradient of scatter against rotation rate. By using the suggested indices in conjunction
with one another, both the flow of the mixture as well as the individual particle
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cohesivity could be observed and a more precise nature of the powder assessed. These
flow indices suggested by Lavoie et al. (2002) and Soh et al. (2006) correlated well with
other flow measurements including Carr’s index, angle of repose and particle size, but
only for powders with nearly spherical morphology.

Powder avalanching results by Lindberg et al. (2004) were also found to correlate to
other flowability measurements including results from the Hausner ratio, powder
rheometer, uniaxial tester and Jenike tester. Four similar pharmaceutical formulations
with varying amounts of excipients were rotated at 0.5 rpm for 900 seconds. Avalanche
time and scatter measurements agreed with other flowability test results.

Thalberg et al. (2004) also compared results obtained from the AeroFlow Analyzer to
the Hausner ratio, static angle of repose and uniaxial tester. Using the same testing
criteria for the AeroFlow Analyzer as Lindberg et al. (2004), this group investigated
flow properties of placebo mixtures with varying percentages of medium and
micronized particles, thus mixtures of varying cohesiveness. As expected, mixtures with
less than 5% micronized particles behaved such that increasing the proportion of fines
increased avalanche time. However, beyond this critical concentration there was no
observable difference in avalanche time. The avalanche time standard deviation was
also much higher for the more cohesive powders and was attributed to the formation of
aggregates in the powder bed.

In addition to the originally commercialized AeroFlow Analyzer, several other powder
avalanching analyzers have been designed by research groups employing visual analysis
measuring systems. Dury et al. (1998) measured the dynamic angle of repose of five
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materials in a rotating cylinder 6.9 cm in diameter and 49 cm in length. This very
different length to diameter ratio of the rotating cylinder allowed investigation of
boundary effects on the measurements. Magnetic resonance imaging measured the angle
of the powder surface throughout the drum length. This angle was consistently higher
than the angles measured visually at the drum ends, indicating some boundary effects on
the measurements. The boundary effects were found to scale with drum radius but were
independent of the sample density.

Castellanos et al. (1999) investigated the transitions between various flow regimes using
digital image processing in a small rotating drum 4.2 cm in diameter and 4.9 cm in
width. The dynamic angle of repose or surface slope prior to bed surface fracture has
also been referred to as the avalanche angle throughout the literature. Polymer beads
(300-500 pm), dry sand (180-350 pm) and three xerographic toners (10 pm) were
selected to observe the effects of particle size and cohesiveness on material flow and
avalanche angle. As the coarse materials were rotated between 4 and 60 rpm, the
avalanche angle was found to increase with rotation rate and form a tilted S-shaped bed
surface at 20 rpm. This corresponded to the transition from a plastic to inertial state and
back again, similar to observations by Dury et al. (1998). For the fine particles, the
avalanche angle decreased with increasing rotation rate, opposite the trend seen for the
coarse materials. At low velocities the drum profile of the toner was similar to that of
the sand, however, as rotation rate increased, the profile drastically changed to include a
horizontal portion in the lower part of the profile. With increased velocity, the powder
bed expanded due to air entrainment partially fluidizing the powder. This corresponded
to a transition from a plastic to fluidized state and back again, where the avalanche
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angle decreased with increased fluidization or rather increased rotation rate. To observe
the effects of powder fluidization, the drum was constructed with a porous filter
allowing air to be extracted. No changes were observed for the coarse materials under
air evacuation; however, the fine toner particles were no longer fluidized resulting in the
transition from a plastic to an inertial regime, similar to that of the coarse particles. This
confirmed the presence and role of air-particle forces during powder avalanching
measurements..

Quintanilla et al. (2001) investigated avalanche size and time using digital video
analysis in a 7.4 cm diameter drum, 2 cm in width. Non-cohesive glass beads (400-600
pm) and a cohesive magnetic material (100 pm) with polymer coating and were rotated
slowly at 0.288 degrees/sec and 0.044 degrees/sec respectively with an avalanche
threshold fixed at 0.6 degrees. The avalanche angle and area of avalanching material
(avalanche size) were recorded for approximately 5000 avalanches. It was found that
the avalanche angle and avalanche time did not follow a power-law distribution
described by Bretz et al. (1992). The avalanches for the glass beads occurred regularly
with nearly uniform size and frequency. Using Hurst analysis, a cyclic avalanching
pattern of a large avalanche followed by a number of regular smaller reorientations for
large cohesive particles was identified. No trend was observed for small cohesive
powders (Quintanilla et al., 2006).

Tegzes et al. (2002) investigated avalanching spherical glass beads in varying amounts
of hydrocarbon oil in a rotating drum apparatus to simulate wet granular media
avalanching. A drum measuring 16.8 cm in diameter and 3.2 cm in width was filled to
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30% volume. A second drum, 2 cm in width was used to duplicate some measurements
and confirmed that wall effects did change the qualitative behaviour of avalanching.
Using digital video analysis, surface flow velocity and granular flux were measured
providing a means to characterize the dynamics of cohesive flow. Xu et al. (2007) also
investigated the effects of lubrication on the flow of wet granular materials using a
visual analysis technique in a rotating cylindrical drum. A large Plexiglas drum 28.5 cm
in diameter and 14.5 cm wide was filled to 40% volume with 1 mm spherical glass
beads. The effects of volume fraction, liquid viscosity and drum rotation rate were
compared to the dynamic angle of repose of the beads. The surface angle increased
non-linearly with rotation rate. The addition of small amounts of liquid was also found
to increase the surface angle; however, continued liquid addition had varying effects
with rotation rate: at low rotation rates the continued liquid addition resulted in a slow
increase of surface angle while at high rotations this angle decreased. Increasing the
viscosity of the liquid generated more remarkable results. More importantly, however,
was the transition of the surface profile with increasing rotation rate. By measuring both
the surface angle of the upper section and lower section of the drum it was observed that
the lower angle was slightly greater than the upper angle for low rotation rates. As the
rotation rate was increased, the powder surface became flat along the length of the drum
as the two distinct angles converged to form a single slope. Beyond this critical rotation
rate, two very distinct angles approximately 20° in difference were observed. This
demonstrated the importance of angle measurement consistency while avalanching
powders.
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The Revolution Powder Analyzer developed by Mercury Scientific Inc. improved upon
and expanded the measurements of the AeroFlow Analyzer. Improvements included the
ability to calculate the potential energy level of the powder and the energy loss incurred
during an avalanche and several surface parameters including variations of surface
curvature and fractal dimension. For digital imaging measurements, the camera has a
maximum resolution of 648 x 488 and captures up to 60 frames per second. The
standard drum provided with the apparatus has a diameter of 11 cm and width of 3.5
cm, and can be rotated between 0.1 and 200 rpm (Martiska, 2011).

Krantz et al. (2009) used the Revolution Powder Analyzer to characterize dynamic
powder flow of fine coating powders 22 to 31 pm in diameter. The avalanche angle was
compared to particle size by laser diffraction, static angle of repose testing, bed
expansion ratio, and cohesion measured using a powder rheometer. Some correlations
such as increasing avalanche angle with decreasing particle size were observed.
Relationships between all the parameters were not identified as the tests measured
different powder properties and each test measured the powder under a different stress
state. Unlike several groups who defined a flowability index (Lee et al., 2000; Lavoie et
al., 2002; Soh et al., 2006), Krantz et al. (2009) showed that combining results from
various tests into a single (or average) index was not favourable since the different
measurement techniques provided valuable information of powder flow properties at
different stress states.

Nalluri and Kuentz (2010) investigated flowability using the Revolution Powder
Analyzer. Initial testing concluded that rotation rates greater than 2.0 rpm were not able
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to produce and demonstrate slight differences in powder flow. A rotation rate of 1.0 rpm
therefore was selected for further trials. Lower avalanche times and narrower
distributions were attributed to easy consistent flow. Similar trends for avalanche time,
avalanche power and avalanche angle were observed allowing for flowability
differences to be observed for different powder mixtures. It was found that transitions in
flow behaviour were best detected by avalanche time and that flow parameter
measurements corresponding to improved flowability displayed much less variability
between individual measurements over the duration of avalanching. Higher standard
deviation of avalanche time for more cohesive mixtures agreed with other literature
(Thalberg et al., 2004). When comparing the avalanching results to other flowability
tests they were found to be somewhat comparable to orifice results but not comparable
at all to shear cell results. This was not problematic, as suggested by Krantz et al.
(2009), since different tests measure flow properties at different stress states and can
often provide conflicting or non-correlating results.

2.2.4.2. Load cell
Aside from visual avalanching techniques, load cell avalanche analyzers have been
developed. A load cell based avalanche monitoring apparatus used by Davies et al.
(2004) consisted of a cylindrical drum 13 cm in diameter and 2.54 cm in length rotating
over a load cell that detected the change in position of the center of mass of the contents
in the drum. The loading recordings were synchronized with video recordings to
observe flow behaviour during avalanching. Two excipients varying significantly in
size, lactose (206 pm) and sago (2.4 mm) were used as test materials. By measuring the
variance of the center of mass at different rotation rates, three phases were identified:
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surging, slumping and rolling. These flow transitions corresponded to other
observations in the literature (Dury et al., 1998; Castellanos et al., 1999; Tegzes et al.,
2002). Three events for each avalanche including the initiation and concluding times as
well as the furthest displacement of material for each avalanche were identified by
simultaneously comparing load cell output with video images.

A gravitational displacement rheometer (GDR) has been developed by Alexander et al.
(2006). using load cell measurements. The cylindrical drum is 14 cm in diameter and 42
cm long, in order to minimize any wall friction. Different size Avicel (60 pm and 90
pm) and lactose (50 pm and 100 pm) as well as glass beads (700 pm) were rotated
between 5 and 30 rpm. Two different flow regimes were described including a cracking
mechanism where the avalanche detached from the main powder bed by tensile cracking
and a steady regime where the avalanche detached tangentially. It was noted that the
initial Avicel avalanches were very large and attributed to a cracking mechanism;
however, following two or three rotations the bed visually appeared to dilate resulting in
a steady regime. The size and period of the avalanches for Avicel varied over a wide
range leading to a ‘dual’ dynamic angle of repose (crescent shape) at steady-state. This
was not the case for the glass beads, whose avalanche time and size was very consistent
from avalanche to avalanche. These significant differences observed for the dynamic
angle of repose and avalanching size and period of the different materials has been
discussed by Quintanilla et al. (2001,2006).

Faqih et al. (2007) used the GDR apparatus to characterize flow behaviour of both
mixtures and pure pharmaceutical powders such as lactose, cellulose and magnesium
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stearate. It was found that the presence of the lubricant magnesium stearate did not
affect flow properties of non-cohesive powders, but improved flowability for cohesive
powders. Experiments also demonstrated measureable differences between powders at
different moisture contents. For lactose, as moisture content increased, the flowability of
the powder decreased whereas for cellulose the opposite was observed. It was therefore
shown that the GDR was able to detect differences in flow properties of different
powders, lubricant concentration and moisture content.

Pingali et al. (2009) generated a flow index by averaging the standard deviation of the
output parameters for four rotation speeds (5,10,15,20 rpm) in the GDR as initially
suggested by Faqih et al. (2007). The load cell was filled to 40% volume with blended
mixtures of actives, additives and lubricants. The average dilation, or bulk expansion,
was measured by calculating the change in volume of the bed as the powder expanded
during rotation of the cylinder, which was generally established after 5 to 10 rotations.
Following bulk expansion, digital images acquired throughout the trial were used to
\

determine the total volume, which further allowed the dynamic density of the powder to
be calculated. Additionally, a dilation index was calculated as the ratio of dynamic
density to tapped density. A direct correlation between the flow index and dilation was
observed, suggesting that density may be a useful comparative parameter for
flowability.

In summary, powder avalanching has become a promising and popular method to
characterize powder flowability. Powder avalanching has been monitored using two
techniques. The original monitoring method which employed visual observations and
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images to analyze the surface profile of the rotating powder remains the more popular of
the two methods and has been developed commercially. The other method utilizes a
load cell to detect the change in position of the center of mass of the powder in the drum
and has been used in multiple studies as well. Due to the nature of each measurement
method, however, the equipment differs significantly in both drum and sample size. The
drums used for load cell measurements are generally larger and deeper in order to more
accurately measure changes in position of the center of mass and to reduce boundary
effects of the drum walls respectively. The visual measurement samples are generally
smaller since load recording sensitivity is not an issue. The drums are also much
narrower allowing more accurate calculations of surface parameters by reducing the
difference of the surface profile from drum center to drum ends. While each method
has distinct characteristics, both techniques have shown promising results for measuring
powder flowability.
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CHAPTER.3. INVESTIGATION OF THE EFFECT OF
IM PELLER SPEED ON GRANULES FORM ED USING A
PMA-1 HIGH SHEAR GRANULATOR
Ryan A. Logan and Lauren Briens
Biomedical Engineering, The University of Western Ontario, London, CANADA
3.1. Introduction
Wet granulation in a high shear mixer is a common process step in manufacturing many
pharmaceutical oral dosage forms. This step combines the active pharmaceutical and
excipients with binder into multi-particle units or granules. One of the most important
functions of granulation is to improve the flowability of the formulation to allow
successful completion of the remaining downstream manufacturing steps such as
tabletting (Rubino, 1999; Tousey, 2002).

Wet high shear granulation is a complex process. Following a dry mixing step, the
liquid binder is sprayed into the bowl to start the formation of granules. While the
granules grow, they can also undergo layering, coalescence, attrition and breakage. The
process is still not well understood and therefore it remains difficult to produce granules
with specific properties without previous and extensive experimental trials.

The effect of impeller speed on median particle size has commonly been measured with
different trends reported. Over impeller speeds from 300 to 600 rpm in a four litre
Diosna-Pharma mixer, Luukkonen et al. (2008) found that an increase in speed resulted
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in an increase in median particle size for a formulation of microcrystalline
cellulose:mannitol:povidone with water as the binder liquid. As granules can
simultaneously undergo growth and breakage, it was proposed that growth was
dominant at the higher impeller speeds. An increase in granule diameter with impeller
speed increasing from 180 to 360 rpm was also found by Lindberg and Jonsson (1985)
for starch and lactose granulated with aqueous povidone solutions in a Diosna P25
mixer. Chitu et al. (2011) found the opposite trend for the granulation of
microcrystalline cellulose with water in a 1.9 litre Mi-Pro mixer: the mean diameter
decreased with increasing impeller speed from 100 to 950 rpm as the impeller breaks
large granules. Ma et al. (2010) also found that mean size decreased with increasing
impeller speeds from 100 to 300 rpm using a starch:lactose formulation granulated with
an aqueous solution of carboxymethylcellulose sodium salt. Ramaker et al. (1998),
using a formulation of microcrystalline cellulose: lactose with water as the liquid binder,
also found that the median particle size decreased with increasing impeller speed as
granule breakage dominates over growth. Their tested impeller speeds, however, were
much higher ranging from 1200 to 21240 rpm and the bowl size was only 0.25 litres.
Ohno et al. (2007) were the only researchers to report that the impeller rotational speed
did not have any significant effect on median particle diameter. They examined
impeller speeds from 100 to 1130 rpm in a VG-5 high shear mixer using 1 kg batches of
mefanamic acid: lactose monohydrate: hydroxypropylcellulose: microcrystalline
cellulose granulated with water as the binder.

The effect of impeller speed on granule size has been related to granulation regimes.
Benali et al. (2009) granulated microcrystalline cellulose with water binder in a 10 litre
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Zanchetta Roto mixer and found an increase in mean granule size with increasing
impeller speeds up to 200 rpm followed by a decrease in size with higher impeller
speeds up to 400 rpm. Below 200 rpm, it was proposed that an increase in impeller
speed increased the collision frequency between granules increasing the mean granule
size through coalescence. However, at higher impeller speeds, attrition and breakage
dominated leading to smaller granule sizes. Van den Dries et al. (2003) concluded that
the different trends reported in the literature on the effect of impeller speed on granule
size are due to changes in the granulation regime with impeller speed: in a no-breakage
regime the granules grow due to densification and any increase in impeller speed
increases the densification and growth, while in a breakage regime an increase in
impeller speed leads to a higher degree of breakage resulting in smaller sizes.

The effect of impeller speed on granule size has also been related to granule growth
mechanisms. Mangwandi et al. (2010) tested the effect of impeller speeds from 150 to
650 rpm on the granulation of lactose:potato starch with two binders: water and aqueous
hydroxypropyl cellulose. For the low viscosity water binder, an increase in impeller
speed resulted in a decrease in mean granule size while the opposite trend was observed
using the high viscosity hydroxypropyl cellulose solution binder. The water binder
promotes a layering growth mechanism while the high viscosity binder promotes a
coalescence growth mechanism. An increase in impeller speed for the water binder
formulation would result in increased breakage from the impeller dominating any
growth from layering resulting in a decrease in mean size. The increasing speed of the
impeller also increases the number and kinetic energy of collisions which promotes
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further coalescence and growth for granules formed through coalescence using the high
viscosity binder.

Lastly, the effect of impeller speed on granule size has also been related to granule
strength. Wang et al. (2008) granulated a microcrystalline cellulose based formulation
and two starch based formulations with water as binder in a small scale MicroGral
mixer at impeller speeds of 300, 500 and 700 rpm. For the microcrystalline cellulose
formulation, the granule size increased with increasing impeller speed while, for the
starch formulations, the opposite trend was observed. The starch based granules were
found to be more friable and therefore the decrease in diameter was attributed to more
breakage of these weaker granules at the higher impeller speeds.

In addition to the median size, the size distribution of granules has also found to be
affected by impeller speed. Oulahna et al. (2003) granulated stericite with a
polyethylene glycol:water:ethanol liquid binder in a 6 litre Diosna mixer and found that
increasing the impeller speed from 100 to 500 rpm led to a decrease in the proportion of
fines ( d < 50 pm), an increase in the proportion of intermediate sized granules (50 pm
< d < 4 mm), and a decrease of the liquid to solid ratio required to obtain optimum
granules. These results led to their conclusion that a higher impeller speed is required
for good control of granule growth. At the low impeller speed of 100 rpm, the liquid
binder was not well dispersed and then mixed into the powder bed. Benali et al. (2009),
Chitu et al. (2011) and Bock and Kraas (2001) confirmed that the amount of fines
decreased while the intermediate and coarse granules increased with increasing impeller
speeds.
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The effect of impeller speed on granule shape and surface morphology has been studied
using microscopy. Rahmanian et al. (2009) found that granules of calcium carbonate
with an aqueous polyethylene glycol binder became more spherical as the impeller
speed increased from 230 to 350 rpm. Chitu et al. (2011) found that granule roundness
increased with impeller speeds up to 400 rpm, but then decreased with further increases
up to 800 rpm. Mangwandi et al. (2010) found similar results with a maximum
roundness obtained at an impeller speed of about 250 rpm. They proposed that a
decrease in roundness at high impeller speeds was due to the larger deformation of the
granules from the increased impeller collisions and kinetic energy. The larger collisions
at higher impeller speeds were also attributed to smoother granule surface morphology
(Olmo et al., 2007).

The effect of impeller speed on granule porosity has been examined. Benali et al.
(2009), Kiekens et al. (1999), Ohno et al. (2007) and Oulahna et al. (2003) all found that
granule porosity decreased with increasing impeller speed as the higher shear forces
promoted densification of the granules. Mangwandi et al. (2010) found that the effect
of impeller speed on granule porosity was affected by the binder viscosity. The porosity
decreased with increasing impeller speed with a high viscosity binder. For the lower
viscosity water binder, however, the porosity decreased slightly as the impeller speed
increased from 150 to 250 rpm but then increased with further increases in impeller
speeds up to 650 rpm. Mangwandi et al. (2010) suggested that the opposite trend they
observed with the water binder might be due to pouring rather than spraying the binder
into the formulation as the binder addition method can influence the growth mechanism
and therefore granule structure including porosity.
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Granule strength can be measured through friability with tumbling/rolling equipment or
through resistance during compression/crushing tests. Benali et al. (2009) and Oulahna
et al. (2003) found that granule friability decreased with increasing impeller speed.
Rahmanian et al. (2008, 2009) and Chitu et al. (2011) measured granule strength using a
crushing/compression method and confirmed that higher impeller speeds resulted in
stronger granules. Mangwandi et al. (2011) found the same trend for granules made
using a high viscosity binder, but the opposite trend using water as a binder. This
reflects their differences found with the granule porosity and the dependence of strength
on porosity. Only Kiekens et al. (1999), using a formulation of lactose monohydrate
and microcrystalline cellulose granulated with water as a binder in a ProCepT 1.7 litre
mixer with impeller speeds from 250 to 1150 rpm, reported that the impeller speed had
no effect on granule friability.

Considering that granulation is an intermediate step in the manufacturing of solid
dosage formulations, Luukkonen et al. (2008) further considered the bulk density of the
granules and, finally, the hardness of tablets. Granules made using impeller speeds of
300 and 600 rpm were compared. They found that there were differences in the bulk
density and tablet hardness at intermediate water addition amounts of 0.3 to 0.45 g/g.
At lower and higher water contents, there were no significant differences in the bulk
density and tablet hardness. These results are attributed to the complex interaction of
microcrystalline cellulose with water. This underlines the importance of identifying an
optimum granulation endpoint to ensure consistent granule and ultimately tablet
properties. Formulation and binder addition may then also explain some of the
differences in conclusions of the effect of impeller speed on granule properties.
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Research presented in the literature on the effect of impeller speed on pharmaceutical
granules formed through high shear granulation has focused on vertical shaft
granulators and the effect on granule size, shape and strength (Reynolds et al., 2005).
The effect of impeller speed on granules formed using a PMA-1 vertical shaft high
shear granulator has not yet been reported. In addition, the effect of impeller speed on
granule flowability has also not yet been well documented although this property is
critical to the success of subsequent steps n the manufacturing of solid dosage
formulations. The objective of this research was therefore to examine the effect of
impeller speed (300 to 1500 rpm) using a PMA-1 high shear granulator on granules of a
placebo formulation with an emphasis on the effect on granule flowability

3.2. M aterials and m ethods
3.2.1. Product formulation
A placebo formulation consisting of 50 wt% (dry basis) lactose monohydrate, 45 wt%
microcrystalline cellulose, 4 wt% hydroxypropyl methylcellulose and 1 wt%
croscarmellose sodium was used for all the trials. A dry mass of 1.5 kg was used for
each trial. Distilled water was added as a liquid binder at 24 G.

3.2.2. Granulator operation
All granulations were performed in a Niro-Fielder PMA-1 high shear granulator shown
schematically in Figure 3.1. The impeller and chopper were operated without water
addition for the first 2 minutes of each trial to mix the dry powder. The chopper speed
was constant and the same for all trials at 1000 rpm. The impeller speed was constant
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for each trial at 300, 700, 1100 or 1500 rpm (corresponding tip speeds of 4.3, 10.0, 15.7
and 21.44 m/s).

.-'Spraying Nozzle

Thermocouple

Chopper
Impeller

Granulator Bowl
Figure 3.1 - Schematic of high shear granulator

At 2 minutes, water addition was started and continued at a rate of approximately 46
mL/minute throughout each trial. Preliminary experiments identified a process end
point of less than 10 minutes wetting time for the higher impeller speeds. Therefore, for
each impeller speed, trials of different time intervals up to 10 minutes wetting were
conducted to examine the progress of the granulation from undergranulated to
overgranulated. Granules from each trial were air dried in a tray dryer to a moisture
content of less than 2 wt% and then analyzed for various characteristics.

3.2.3. Sensor measurements
A thermocouple in the granulator bowl allowed temperature measurements to be
recorded during each trial.
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3.2.4. Granule analysis
3.2.4.1. Moisture content
Granule moisture content was determined through loss-on drying at 105°C using a
Mettler-Toledo HG63 halogen moisture analyzer. Duplicate samples of 5.000 g were
analyzed.

3.2.4.2. Size
Particle size analysis was performed through sieving with 18 mesh cuts ranging from 38
to 3350 pm.

3.2.4.3. Shape and morphology
Scanning electron microscope (SEM) images of the granules were obtained to examine
the composition, shape and morphology of the granules. The SEM images also
confirmed size measurements.

3.2.4.4. Density
The bulk and tapped density of the particulates was measured using 100 mL samples.
All density measurements were performed in duplicate. The bulk and tapped density
measurements allowed the Hausner ratio and Carr index to be calculated:

Hausner Ratio =

Carr Index =

tappeddensity
bulk density

tapp eddensity - bulk density ^ ^
tappeddensity

(3-1)

(3-2)
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3.2.4.5. Static angle of repose
Samples of approximately 60 mL were used for angle of repose measurements.
Samples flowed down a vibrating chute and then through a funnel with its tip suspended
0.1 m above a level surface to form a pile. Photographs of the resulting powder pile
were taken and the critical angle of the pile was measured. Samples were measured in
triplicate.

3.2.4.6. Flowability
Various indicators of flowability were investigated using a Mercury Scientific
Revolution Powder Analyzer. A sample size of 118 cm was loaded into a drum with a
diameter of 11 cm and width of 3.5 cm. This drum was rotated at 0.3 rpm until 128
avalanches had occurred, with an avalanche defined as being a rearrangement of at least
0.65 vol% of the sample in the drum. The analyzer uses an optical technique with a
resolution of 648 x 488 at 60 frames per second to monitor the behaviour of the powder
surface as the sample is rotated. Samples were measured in triplicate.

3.3. Results and discussion
3.3.1. Visual observations
Optimum granules were visually defined with a diameter between 150 and 600 pm,
approximately spherical shape and incorporating all components of the formulation.
Samples of the granules from the trials were visualized using scanning electron
microscopy. The images, in general, showed that the granules changed with time and
with impeller speed. To focus on granule behaviour, the samples were sieved to include
only particles sized between 150 and 600 pm and then re-examined.
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Figure 3.2 shows scanning electron micrograph images of the individual components of
the placebo formulation for reference. Figure 3.3 shows the images of the 150 to 600
pm samples from trials at different impeller speeds. A detailed look between granule
nuclei and final granule is also shown in Figure 3.4.

Figure 3.2 - SEM images of raw components (A-lactose monohydrate, B-microcrystalline cellulose, Chydroxypropyl methyl cellulose, D-croscarmellose sodium)

For all trials, the initial granule nuclei appeared to be primarily microcrystalline
cellulose agglomerates; lactose monohydrate was absent from the initial granule nuclei
(Figure 3.3-6 minutes wetting time for all impeller speeds; and Figure 3.4). The
hydroxypropyl methylcellulose was very small and only present at 4 wt% which made it
very difficult to detect in any agglomerates. The croscarmellose sodium comprised only
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1 wt% of the formulation and is water soluble and therefore would have dissolved into
the water binder and not appear in any images. Some segregation of the
microcrystalline cellulose to the surface of the powder bed combined with the needle
like shape and hygroscopic properties of the microcrystalline cellulose would ensure
that the microcrystalline cellulose was exposed to the binder spray zone, allowed
penetration of the binder into the bed followed agglomeration to form granule nuclei
(Alkhatib and Briens, 2011).
300 rpm

700 rpm

Figure 3.3 - SEM images of granules from trials

1500 rpm
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Figure 3.4 - Selected SEM images showing details of the granules (A-300rpm/6min, B-700rpm/6min, C300rpm/10min, D-700rpm/10min)

As shown in Figure 3.3 and Figure 3.4, the final granule composition and morphology
varied with impeller speed. At an impeller speed of 300 rpm, the final granules
appeared to be primarily microcrystalline cellulose; lactose particles were rarely
incorporated in the granules and remained mostly as individual particles. At an impeller
speed of 700 rpm, a large fraction of the granules at 10 minutes wetting time appeared
to be within the optimal size range and be approximately spherical in shape with
incorporated lactose particles. The moisture content of the granules at this point was
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measured to be 33.3% on a dry basis. At an impeller speed of 1100 rpm, visually
optimal granules occurred at about 9 minutes. The high kinetic energy of larger
granules favoured coalescence after collision. This led to an increase in the fraction of
oversized agglomerates while decreasing the fraction and size of the remaining granules
in the 150 to 600 pm size range. At 1500 rpm, a large fraction of optimal granules was
not obtained as there was significant collision and coalescence of granules to oversized
agglomerates followed by accumulation at the bowl perimeter due to the high
centrifugal forces on the agglomerates.

The impeller speed affects the powder flow patterns within the granulator bowl. Litster
et al. (2002) reported two distinct flow regimes during the granulation of lactose
monohydrate in a PharmaMATRIX 25 litre high shear granulator. At low impeller
speeds, a “bumpy” regime was observed where the powder rotated slowly with very
little vertical movement. At high impeller speeds, a “roping” behaviour of both good
rotation and good vertical turnover was observed. The transition between the two flow
regimes, identified using imaging of the powder surface, was 250 to 300 rpm for dry
lactose and 150 to 200 rpm for wet lactose powder. The transition to “roping” flow was
attributed to the larger rotational inertia forces overcoming gravitational forces.

The Niro-Fielder PMA-1 granulator used in the current research is geometrically similar
to the PMA-25 granulator used by Litster et al. (2002). For geometrically similar
granulators, Litster et al. (2002) proposed a scale-up criterion for impeller speed based
on the Froude number:
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where N is the impeller speed and D is the diameter of the impeller. Based on their
observations and this scale-up criterion, the transition from “bumpy” to “roping”
regimes would occur near 300 rpm for the PMA-1 granulator. In the “bumpy” flow
regime at 300 rpm, the powder velocity would not be very high and therefore the
number and kinetic energy of the collisions between lactose particles and granule nuclei
would be too low to significantly incorporate the lactose into the nuclei. In addition, the
poor mixing of the mixture would also limit contact between the lactose and granule
nuclei. At an impeller speed of 700 rpm, the higher velocities, good mixing and flow
pattern of powder would promote the incorporation of lactose into the granule nuclei.
At higher impeller speeds of 1100 rpm, the high velocity and kinetic energy of the
collisions between granules promote collision and coalescence to oversized
agglomerates. The very high centrifugal forces at an impeller speed of 1500 rpm would
force a significant amount of material to the bowl perimeter to accumulate.

3.3.2. Particle size
Figure 3.5 shows the median particle size, dpso, obtained for trials at different impeller
speeds. The median particle size only slightly increased for trials at an impeller speed
of 300 rpm. This reflects the visual observations that granules did not grow beyond
initial nuclei of microcrystalline cellulose and did not incorporate lactose particles. For
the other impeller speeds, the median particle size remained relatively constant at about
75 pm until 7 to 8 minutes wetting which'corresponded to a granule moisture content of
approximately 22 to 26%. This point visually corresponded to the incorporation of
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lactose into the granule nuclei (Figure 3.3). The rate of granule growth and median
particle size obtained by 10 minutes wetting then increased with impeller speed from
700 to 1100 to 1500 rpm reflecting the higher granule collision rate and kinetic energy
of the collisions.

Figure 3.5 - Median particle size (dp50) for impeller trials

3.3.3. Particle size distribution
Particle size distributions provide additional information beyond median size into
granule formation and growth. Particle size distributions for the trials are shown in
Figure 3.6, Figure 3.7, Figure 3.8 and Figure 3.9. Fines were defined as particles less
than 150 pm, optimal granules between 150 and 600 pm and oversized agglomerates
with diameters larger than 600 pm. A granulation would ideally form a significant
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fraction of optimal sized granules while minimizing fines and oversize agglomerates.
Based on this definition, Figure 3.7 shows that an impeller speed of 700 rpm would
provide the best granulation: at a wetting time of 10 minutes, 55% of the formulation
had formed optimal granules with low fractions of both fines and oversized
agglomerates. A lower impeller speed of 300 rpm had too many fines (53%) many of
which were lactose particles not incorporated into granule nuclei. At higher impeller
speeds of 1100 rpm, and especially 1500 rpm, too many oversized agglomerates (53%
and 57%, respectively) were produced due to the high number and energy of collisions
to form agglomerates combined with the high centrifugal forces that forced the material
to the bowl perimeter to accumulate.

Figure 3.6 - Particle size distribution: Impeller 300 rpm

weight percent (%)
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Figure 3.7 - Particle size distribution: Impeller 700 rpm

Figure 3.8 - Particle size distribution: Impeller 1100 rpm
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Figure 3.9 - Particle size distribution: Impeller 1500 rpm

3.3.4. Flowability
Flowability was measured through density measurements, the static angle of repose and
examination of avalanche behaviour. Increasing the flowability of the formulation is
one of the main objectives of granulation and therefore flowability measurements are
critical for evaluating the performance of granulation.

The Hausner ratio indicates the cohesiveness of a powder using the ratio of the tapped
to bulk density. A Hausner ratio larger than 1.4 indicates a very cohesive powder while
a ratio lower than 1.25 indicates a less cohesive, more free flowing powder. Powders
with Hausner ratios between 1.25 and 1.4 belong to a transitional group with some
cohesive properties (Abdullah and Geldart, 1999). The Hausner ratios shown in Figure
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3.10 therefore indicate that the cohesiveness decreased to a powder with improved
flowability between 6 and 7.5 minutes wetting time as the impeller speed was increased
from 300 to 1500 rpm. A comparison with Figure 3.5 shows that reaching a Hausner
ratio of 1.25 approximately corresponded to reaching a median particle size of about
100 pm. It is well reported in the literature that an increase in particle size always leads
to a decrease in cohesivity (Abdullah and Geldart, 1999).
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Figure 3.10 - Hausner ratio for impeller trials

The Carr index is another indicator of flowability based on densities. A Carr index
below 20-25% indicates good flowability (Carr, 1965). Figure 3.11 shows the Canindex values for the various trials. The formulation initially showed poor flowability.
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A Carr index below 20% corresponded to reaching a median particle size of about 100
pm, supporting the results obtained with the Hausner ratio.
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Figure 3.11 - Carr index for impeller trials

The static angle of repose is a quick method for indicating flowability. A high angle of
repose corresponds to a cohesive powder with poor flowability while a low angle of
repose indicates a freely flowing powder. Table 3.1 shows the relationship between the
static angle of repose and flowability.
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Table 3.1 - Relationship between the static angle of repose and flowability (adapted from Nagel and Peck,
2003)

Angle of repose
25-30
31-35
36-40
41-45
46-55

Flowability
Excellent
Good
Fair
Passable
Poor

In practice, a powder with a static angle of repose less than 40° will exhibit reasonable
flow potential (Nagel and Peck, 2003). Figure 3.11 therefore shows that granules
formed at impeller speeds of 700 and 1100 rpm would be expected to exhibit reasonable
flow properties during further downstream processing steps.

Figure 3.12 - Static angle of repose for impeller trials
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The Revolution Powder Analyzer rotated a powder sample in a drum and measured
various parameters of the sample during the rotation. This technique ensures that the
properties of a powder are measured under dynamic conditions which should provide
more realistic indicators of flowability for process conditions than the static
measurement techniques. Figure 3.13 shows the avalanche angle which is defined as
the angle of the powder surface relative to the horizontal at the moment just before an
avalanche. Cohesive powders can form an uneven surface profile with distinct upper
and lower regions. Therefore the avalanche angle was determined from the upper
profile of the powder surface instead of an average angle of the entire surface profile.
The avalanche angle is then very similar to the dynamic angle of repose, the largest
angle formed by the powder surface while rotating in a cylinder (Wonters and Geldart,
1996). Emery et al. (2009) found dynamic angles to be larger than static angles of
repose for four tested pharmaceutical powders. Defined ranges indicating relative
flowability, however, have not been identified in the literature. Figure 3.13 shows that
the avalanche angle was initially high for all the trials indicating a cohesive powder.
The lowest avalanche angles were achieved for trials at impeller speeds of 700 and 1100
rpm; this supports the Hausner ratio, Carr index and static angle of repose flowability
measurements that granules from trials at impeller speeds of 700 and 1100 rpm
exhibited the best flowability properties.
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Figure 3.13 - Avalanche angle for impeller trials

Another parameter that was measured by the Revolution Analyzer is the avalanche
curvature. This parameter, shown in Figure 3.14, reflects the linearity of the powder
surface just before an avalanche: a linear surface corresponds to zero curvature while a
concave surface has a negative value and a convex surface has a positive value. A noncohesive powder with excellent flowability would have an avalanche curvature near
zero. Figure 3.14 therefore indicates that granules from the trial at 700 rpm would
exhibit the best flowability.
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Figure 3.14 - Avalanche curvature for impeller trials

The surface fractal measured by the Revolution Powder Analyzer is a modified fractal
dimension of the powder surface based on the number of pixels covered by the powder
surface. A smooth and even powder surface would cover a minimum number of pixels
while an uneven surface would cover more pixels. The surface fractal is therefore an
indicator of the smoothness of the powder surface scaled so that a smooth and even
surface has a surface fractal of 2 with higher values indicating an uneven powder
surface. The smoothness of the powder surface then indirectly indicates flow
uniformity which is important for downstream pharmaceutical processes such as tablet
press die filling. Figure 3.15 shows that, initially, the surface fractal was low, between
about 2 and 3.5. Although the powder was cohesive with an uneven surface profile, the
surface itself was smooth as only small particles were present. Large granules did not
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form for trials at an impeller speed of 300 rpm and therefore the surface fractal did not
change significantly during these trials. For trials at impeller speeds of 1100 and 1500
rpm, the surface fractal reached a very high value of about 9.5. For these trials, the
oversized agglomerates accounted for more than 50% of the particles. These large
agglomerates disrupted the smoothness of the powder surface leading to the high
surface fractal values. Powders from the trials with these large agglomerates would not
flow uniformly during the remaining downstream processing steps and ultimately lead
to poor quality tablets.

wetting time (minutes)
Figure 3.15 - Surface fractal for impeller trials

3.3.5. Temperature
Temperatures of the powder within the granulator bowl were recorded throughout each
trial. The average temperature increases are shown in Figure 3.16 which also includes
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the initial two minutes of dry mixing before beginning the binder addition. The
temperature increased with impeller speed as more applied mechanical energy resulted
in higher thermal energy emissions.

As shown in Figure 3.16, the temperature increases were negligible for trials at an
impeller speed of 300 rpm. At the higher impeller speeds, the temperature profiles
during wetting were divided into three phases similar to the phases described with
temperature profiles by Betz et al. (2004). In Phase I, approximately the first two
minutes of wetting, there was a high temperature increase rate; the powder is wetted by
the liquid binder and absorbed without forming liquid bridges. The rate of temperature
increase slowed in Phase II which corresponded to about 2 to7.5 minutes wetting time;
the applied energy to the system was used to form liquid bridges between particles
rather than transformation into heat. In Phase III, the temperature increase rate was very
high; during this phase, liquid bridges were continuously formed and broken with
simultaneous granule breakage and coalescence. In addition, lactose granules became
incorporated into the granules during Phase III at the high impeller speeds.
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Figure 3.16 - Temperature increase profiles for impeller trials

The temperature increase of the powder should be considered when evaluating the
optimal operations for tablet manufacturing. The solubility of the formulation
components will change with temperature (Bajdik et al. 2008). The large temperature
increases at high impeller speeds could therefore significantly affect the interactions of
the formulation components. Changes in the dissolved components could affect the
binder bridges thereby affecting the mechanism of granulation and the properties of the
granules. An impeller speed of 700 rpm for the tested formulation allowed for
formation of a large fraction of optimal granules with good flowability while
minimizing temperature increases.
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3.4. C onclusions
The impeller speed was varied from 300 to 1500 rpm during the wet high shear
granulation of a placebo formulation to investigate the effect of impeller speed on
granule properties. Through scanning electron microscopy, it was found that the initial
granules were formed primarily from the microcrystalline cellulose in the formulation.
All indicators showed that the flowability increased once the granule sized passed about
100 pm. These indicators combined with visual analysis and size measurements
concluded that an impeller speed of 700 rpm produced the largest fraction of optimal
granules defined as granules within 150 - 600 pm in diameter, approximately spherical,
good flowability and incorporating all of the formulation components. A lower impeller
speed of 300 rpm was insufficient to incorporate all the components of the formulation
into the granules and to promote granule growth to a size that significantly improved
flowability. Higher impeller speeds promoted the formation of too many oversized
agglomerates with diameters larger than 600 pm. In conclusion, it is recommended that
high shear granulators be operated above the transition point between bumpy and roping
flow behaviour to provide sufficient rates and kinetic energy of collision to promote
granule growth, but impeller speeds significantly above the transition point should be
avoided to prevent large agglomerates accumulating at the bowl perimeter.
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CHAPTER.4. THE EFFECT OF THE CHOPPER ON
GRANULE PROPERTIES DURING W ET HIGH SHEAR
GRANULATION
Ryan A. Logan and Lauren Briens
Biomedical Engineering, The University of Western Ontario, London, Canada
4.1. Introduction
Wet granulation is a common step in the manufacture of many solid dosage
pharmaceuticals. Wet granulation can be accomplished in a mixer granulator. A
mechanical impeller moves the powder while a liquid binder is applied onto a moving
powder bed. Addition of the liquid binder starts the formation of granules. The
granulator also has a chopper.

There are two main types of batch wet mixer granulators: vertical shaft (Figure 4.1 and
Figure 4.2) and horizontal shaft (Figure 4.3). In vertical shaft granulators, an impeller is
located at the bottom of the bowl with a chopper located at or near the side of the bowl.
The impeller can be bottom or top mounted and the chopper can be side or top mounted.
The impeller rotates the powder bed under the spray zone of the liquid binder. In
horizontal shaft granulators, an impeller lifts and distributes the powder under the liquid
binder spray while the chopper is located near the bottom of the bowl (Litster and Ennis,
2004).
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Figure 4.1 - Schematic of vertical shaft granulator with side mounted chopper

Figure 4.2 - Schematic of vertical shaft granulator with top mounted chopper
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The differences in the types of batch wet mixer granulators combined with a range of
impeller and chopper designs affect the granulation process. The powder flow in the
mixer bowl and the applied shear rates vary. This can affect the distribution and
dispersion of the liquid binder, the granulation mechanism (coalescence versus layering)
and granulation regime (growth versus breakage and attrition) which can all then affect
the granule properties.

4.1.1. Research using vertical shaft granulators
The effect of the chopper on granule size has been investigated by several researchers.
Lindberg and Jonsson (1985) granulated lactose: com starch: povidone with water as a
binder in a Diosna P25 mixer. The median granule diameter was found to increase as
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the chopper speed was varied from 200 to 4200 rpm. Bock and Kraas (2001), using a
smaller Diosna mixer and a different formulation, found that the chopper had no effect
on granule size. Their tested chopper speeds were lower at 1000 and 2000 rpm.
Michaels et al. (2009) compared the size distribution of a lactose: microcrystalline
cellulose formulation granulated without a chopper and with a chopper at a speed of
2000 rpm in a 25 L Fukae mixer; no significant differences in the size distributions were
found. Holm (1987) also found that the chopper had no effect on size distribution.
Chitu et al. (2011) found that the effect of the chopper depends on the impeller speed.
They granulated microcrystalline cellulose with water as a binder in a small scale MiPro
mixer. The chopper only had an effect at a low impeller speed of 100 rpm. The
chopper broke up larger agglomerates helping to redistribute moisture and material
throughout the mixture. At higher impeller speeds of 200 to 950 rpm, the forces from
the impeller were sufficient for breakage and the chopper had no significant effect on
the granule size. The chopper in their MiPro mixer had multiple blades and was
suspended vertically offset near the side of the bowl. The location and chopper
geometry were very different from the more common single blade chopper attached to
the side of the bowl and therefore could have contributed to the unique observations.

Wang et al. (2008) examined the effect of the chopper on granule shape. Three
different formulations were granulated in a small scale MicroGral mixer using a
vertically mounted chopper at speeds of 1200 to 3600 rpm or removing the chopper in
the last stages of the granulation. Granules formed without the chopper at the end of the
process were more spherical than granules formed using the chopper throughout the

81
entire process. The chopper interfered with the toroidal or “roping” flow pattern and
therefore disrupted the granulation process.

Kiekens et al. (2009) showed that the chopper had no effect on granule friability and
porosity. A formulation of lactose monohydrate and microcrystalline cellulose was
granulated with water in a ProCepT mixer. The tested chopper speeds were 1000, 2000
and 3000 rpm.

4.1.2. Research using horizontal shaft granulators
Hoomaert et al. (1998) studied the impact of the chopper on the mean diameter of
granules formed in a Lodige mixer with an enzyme based formulation. Trials were
conducted with the chopper off and with the chopper on at a speed of 3000 rpm. When
the chopper was off, significant granulation did not occur. The shear forces provided by
the chopper were required for coalescence for granule growth. The larger relative size
and the different location and flow patterns in a horizontal shaft granulator could
contribute to the larger influence of the chopper on granulation compared to vertical
shaft granulators.

Only a few research studies on the effect of the chopper during high shear granulation
have been conducted. Most studies were limited to the chopper effects on granule size,
shape, friability and porosity using vertical shaft granulators and the conclusions varied.
The effect of the chopper on granule properties, specifically flowability, has not yet
been studied using a vertical shaft PMA-1 high shear granulator. The objective of this
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research was therefore to investigate the effect of the chopper on granules formed using
a PMA-1 granulator. The effect was investigated at different impeller speeds as flow
patterns can change with impeller speed and therefore the influence of the chopper
might also vary. Measurements were focused on granule properties related to
flowability as improving flowability is one of the most important goals of granulation.

4.2. M aterials and m ethods
4.2.1. Product formulation
A placebo formulation consisting of 50 wt% (dry basis) lactose monohydrate, 45 wt%
microcrystalline cellulose, 4 wt% hydroxypropyl methylcellulose and 1 wt%
croscarmellose sodium was used for all the trials. A dry mass of 1.5 kg was used for
each trial. Distilled water was added as a liquid binder at 24 °C.

4.2.2. Granulator configuration
All trials were performed using a Niro-Fielder PMA-1 high shear granulator, shown
schematically in Figure 4.4. This is a vertical shaft granulator. A three bladed impeller
was mounted on the bottom of the bowl. A chopper with geometry shown in Figure 4.5
was mounted on the bowl side opposite to the binder addition nozzle. The chopper was
mounted 0.45 m above the base of the bowl.
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Figure 4.4 - Schematic of vertical high shear granulator used in experiments

Figure 4.5 - Schematic of mounted chopper
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4.2.3. Granulator operation
The impeller and chopper were operated without water addition for the first 2 minutes
of each trial to mix the dry powder. The chopper speed was constant for each trial at
either 1000 or 3000 rpm. Additional trials were run with the chopper removed from the
bowl. The impeller speed was constant for each trial at 300, 700, 1100 or 1500 rpm.

After two minutes of dry mixing, binder addition was started and continued at a rate of
approximately 46 mL/minute throughout the trial. Each trial continued for 9 minutes of
binder wetting time. This wetting time was selected based on results from previous
trials (Logan and Briens, 2011). Granules from each trial were air dried in a tray dryer
to a moisture content of less than 2 wt% and then analyzed for various characteristics.

4.2.4. Sensor measurements
The granulator bowl was fitted with a thermocouple allowing temperature
measurements to be recorded during each trial.
4.2.5. Granule analysis
4.2.5.I. Moisture content
A Mettler-Toledo HG63 halogen moisture analyzer was used to determine granule
moisture content through loss-on drying at 105°C using. Samples of 5.000 g were
measured in duplicate.
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4.2.5.2. Size
Sieving with 18 sieve cuts ranging from 38 to 3350 pm was performed for particle size
analysis.

4.2.5.3. Shape and morphology
Scanning electron microscopy (SEM) was used to visualize samples of the granules at 9
minutes wetting time. These SEM images also confirmed size measurements.

4.2.5.4. Density
The bulk and tapped density of material from the trials were measured using 100 mL
samples. All density measurements were performed in triplicate and average values are
reported in the results. The bulk and tapped density measurements allowed the Hausner
ratio and Carr index to be calculated:

Hausner Ratio ^ aPpeddensit>'
bulk density

(4-1)

^ T ,
tapped density-bulk density
Carr Index = — — ---------------------------- x 100%
tapped density

(4-2)

4.2.5.5. Static angle of repose
Angle of repose measurements were conducted using samples of approximately 60 mL.
The samples flowed down a vibrating chute and then through a funnel with its tip
suspended 0.1m above a level surface to form a pile. The resulting powder piles were
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photographed and the critical angle of the pile was measured. Samples were measured
in triplicate.

4.2.5.6. Flowability
A Mercury Scientific Revolution Powder Analyzer was used to record various measures
of flowability. The powder drum (11 cm diameter by 3.5 cm width) was loaded with a
sample size of 118 cm3 and rotated at 0.3 rpm until 128 avalanches had occurred.
Optical measurements with a resolution of 648 x 488 at 60 frames per second
monitored the powder surface. An avalanche was defined as being a rearrangement of
at least 0.65 vol% of the sample in the drum. Samples were measured in triplicate.

4.3. Results and discussion
4.3.1. Visual observations
Optimal granules were defined as granules having a diameter between 150 and 600 pm,
approximately spherical in shape and incorporating all components of the formulation.
Samples from the trials were sieved to include only particles between 150 and 600 pm
and then visualized through scanning electron microscopy. Scanning electron
micrograph images of the placebo formulation are shown in Figure 4.6 for reference.
Figure 4.7 then shows the images of the 150 to 600 pm samples from the trials.

87

Figure 4.6 - SEM images of raw components (A-lactose monohydrate, B-microcrystalline cellulose, Chydroxypropyl methyl cellulose, D-croscarmellose sodium)
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No chopper
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Figure 4.7 - SEM images of granules from chopper trials

Previously, it was shown that, for this placebo formulation, the initial granule nuclei
were primarily microcrystalline cellulose agglomerates (Logan and Briens, 2011).
Lactose monohydrate was absent from nearly all granule nuclei. The hydroxypropyl
methylcellulose was very small and only present at 4 wt% which made it very difficult
to detect in any agglomerates. The croscarmellose sodium comprised only 1 wt% of the
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formulation and, as it is water soluble, would have dissolved into the water binder and
therefore not appear in any of the images.

Figure 4.7 shows that the effect of the chopper on the granules varied with impeller
speed. At an impeller speed of 300 rpm, the chopper had almost no effect on the
granules. The granule size remained small and mostly composed of microcrystalline
cellulose. At an impeller speed of 700 rpm, the chopper had a range of effects: without
the chopper, the granules were large but only incorporated some of the lactose
monohydrate, round granules incorporating all of the components were formed at a
chopper speed of 1000 rpm and small and irregularly shaped granules were formed at
3000 rpm chopper speed. At impeller speeds of 1100 and 1500 rpm, the chopper
slightly reduced the size of the granules.

After each trial, the granulator bowl was inspected for material build-up or caking
around the perimeter. At an impeller speed of 300 rpm, there was no caking around the
perimeter. At an impeller speed of 700 rpm, there was slight caking. However, at
impeller speeds of 1100 and 1500 rpm, there was a significant caking layer at the end of
the trials. The caking layer thickness was about 0.03 - 0.04 m and, therefore, the
chopper blades did not reach into the granulating powder flow by the end of these trials.
For the trials without the chopper present, the caking layer was continuous. For the
trials with the chopper, the caking layer was not significantly disrupted by the chopper.
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Litster et al. (2002) reported two flow regimes during the granulation of lactose
monohydrate in a PharmaMATRIX 25 litre high shear granulator: a “bumpy” regime
with slowly rotating powder with very little vertical movement and a “roping” regime
with good rotational velocity and vertical turnover. The “bumpy” regime occurred at
low impeller speeds with the transition to the “roping” regime attributed to the larger
rotational inertia forces overcoming the gravitational forces at the higher impeller
speeds. Drawing upon the results from Litster et al. (2002), Logan and Briens (2011)
proposed that the transition from the “bumpy” to the “roping” regime in a PMA-1
granulator with the specified lactose based placebo formulation occurred near an
impeller speed of 300 rpm.

Figure 4.8 - Schematic of flow regime at impeller speed 300 rpm

Figure 4.9 - Schematic of flow regime at impeller speed 700 rpm

Figure 4.10 - Schematic of flow regime at impeller speeds 1100 and 1500 rpm
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The flow regimes contributed to the different effects of the chopper on the granules. As
shown schematically in Figure 4.8, in the “bumpy” regime at an impeller speed of 300
rpm, the chopper does not contact a significant amount of material. The slower moving
powder and the low centrifugal forces do not force the powder into contact with the
impeller. At an impeller speed of 700 rpm, the flow regime was “roping”. Without a
chopper, however, the larger lactose monohydrate particles that segregated to the bowl
perimeter (Alkhatib and Briens, 2011) were not significantly incorporated into the
toroidal flow so that the granules remained primarily composed of microcrystalline
cellulose. A combination of an impeller speed of 700 rpm and a chopper speed of 1000
rpm allowed the toroidal flow to develop while forcing the lactose monohydrate into the
flow for incorporation into the granules. A higher chopper speed of 3000 rpm promoted
more granule breakage causing the granule sizes to decrease and the irregular shape.
The very high centrifugal forces at impeller speeds of 1100 and 1500 rpm promoted the
formation of a caking layer around the bowl perimeter. As shown schematically in
Figure 4.10, although the flow pattern was “roping”, the amount of material in contact
with the chopper was limited due to the caking. The “roping” flow pattern was then not
significantly disrupted by the chopper allowing granules to grow. Granule growth
combined with the high shear forces from the impeller formed dense and spherical
granules.

4.3.2. Granule size
Figure 4.11 shows the median particle size for the trials. The chopper has almost no
significant effect on the median particle size for the trials at impeller speeds of 300 rpm

93
and only a slight decrease for the trials at impeller speeds of 700 rpm. For trials at
impellers speeds of 1100 and 1500 rpm, the chopper significantly reduced the median
particle size. Increasing the chopper speed from 1000 to 3000 rpm, however, had
almost no effect. The caking layer grew during the nine minutes of the binder addition
period. Near the beginning of this period, when the caking layer was just building, the
chopper would have contact with the granules and contributed to granule breakage
lowering the final median particle size. Once the caking layer had grown to about 0.03
- 0.04 m, the chopper would no longer have extended into the roping flow patter and
therefore would no longer have any influence on the granulation.
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4.3.3. Particle size distribution
Particle size distributions provide insight into granule formation and growth. Particle
size distributions for the trials are shown in Figure 4.12, Figure 4.13, Figure 4.14 and
Figure 4.15. With optimal granules identified between 150 and 600 pm, fines were
defined as particles less than 150 pm and oversized agglomerates as having diameters
larger than 600 pm. This data confirms the visual observations that there was very little
granule growth beyond the initial nuclei of microcrystalline cellulose at an impeller
speed of 300 rpm. At an impeller speed of 700 rpm, operating without a chopper
produced the best combination of about 60 wt% optimal granules with only close to 20
wt% of either fines or oversized agglomerates. The chopper contributed to granule
breakage throughout a trial resulting in higher amount of fines when the chopper was
used. At impeller speeds of 1100 and 1500 rpm, the chopper maximized the optimal
granules while minimizing the fines and oversized agglomerates. Although the chopper
effect was reduced by the caking layer at the bowl perimeter, some of the material
contacted the chopper near the beginning of the trials and would have broken larger
agglomerates into smaller ones.
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4.3.4. Flowability
Flowability measurements included density measurements to provide the Hausner ratio
and Carr index, the static angle of repose and examination of avalanche behaviour. As
one of the main objectives of granulation is to improve the flowability of the
formulation, these measurements are critical for evaluating the performance of the
granulation.

The Hausner ratio is the ratio of the tapped to bulk density and indicates the
cohesiveness of a powder. A Hausner ratio less than 1.25 indicates a free flowing
powder (Abdullah and Geldart, 1999). Figure 4.16 shows that the granulated
formulations from all trials showed good flowability. The Hausner ratio increased
slightly at the high chopper speed of 3000 rpm for trials at an impeller speed of 300 rpm
reflecting the increase in fines. For the other trials, the differences in the Hausner ratios
were very small. The measurements were not sufficiently sensitive to detect major
differences in the flowability.
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chopper speed (rpm)
Figure 4.16 - Hausner ratio for chopper trials

The Carr index is another indicator of flowability based on density measurements and
an index below about 25% indicates good flowability (Carr, 1965). Similar to the
Hausner ratio, all trials showed good flowability and, apart from the trial at a chopper
speed of 3000 rpm and an impeller speed of 300 rpm, significant differences could not
be determined (Figure 4.17).
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Figure 4.17 - Carr index for chopper trials

A static angle of repose less than 40° indicates a powder with reasonable flow potential
(Nagel and Peck, 2003). The measured static angles of repose for the trials ranged from
39 to 41°, near the transition from poor to good flow and did not provide sufficient
differentiation to comment on flowability differences between the trials.

As a powder sample is rotated in a drum, the Revolution Powder Analyzer measures
various parameters of the sample under dynamic conditions. The avalanche angle is the
angle of the powder surface relative to the horizontal at the moment before an
avalanche; low angles indicate a powder with good flowability potential. As cohesive
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powders can form an uneven surface profile, the avalanche angle was determined using
the upper region of the surface. Figure 4.18 shows that the avalanche angle was low for
trials at an impeller speed of 700 rpm and reached a minimum at a chopper speed of
1000 rpm indicating that this combination of impeller and chopper speed produced
granules with the highest flowability potential.
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Figure 4.18 - Avalanche angle for chopper trials

4.3.5. Temperature
Figure 4.19 shows the temperature increases during the trials. The chopper had almost
no effect on the temperature increases but the impeller speed had a large effect. The
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higher the impeller speed, the larger the temperature increase during a trial. Therefore,
although the chopper velocity was very high, the primary mechanism for contacting and
moving the particles was the impeller.

\

chopper speed (rpm)
Figure 4.19 - Temperature increase for chopper trials

4.4. Conclusions
The effect of a chopper on the granules formed in a vertical shaft PMA-1 high shear
granulator was studied. Imaging showed that the effect of the chopper on the granules
varied with impeller speed. Granules from all the trials exhibited good flowability
potential with only minor differences observed. However, trials at an impeller speed of
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700 rpm with a chopper speed of 1000 rpm produced the largest fraction of optimal
granules that were round, incorporated all of the formulation components and exhibited
high flowability potential. This combination of impeller and chopper speeds provided a
balance that allowed establishment of good toroidal flow to promote granule growth
while minimizing excessive centrifugal forces that promote caking at the perimeter and
ensured that any particles that segregated at the bowl perimeter would be forced into the
active flow to be incorporated into the granules while minimizing breakage from contact
with the chopper.
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C H A PT E R S. GENERAL DISCUSSION AND
CONCLUSIONS
High shear wet granulation is one of the most important operation steps in the
manufacturing of pharmaceutical tablets. Currently, previous values combined with
trial and error experimentation is used to develop granulation products. The selection of
optimum operating conditions is therefore time consuming and expensive. Information
about the effect of operation parameters will provide greater knowledge about the
process. Since the literature provides mixed views, this research investigated the effects
of impeller and chopper speeds to identity optimum operating conditions. Impeller and
chopper rotation were varied over a wide range of speeds during the wet high shear
granulation of a placebo formulation. The resulting granules were extensively analyzed
for differences caused by the varying shear with emphasis on flowability. The granule
characterization tests performed in this study included particle size and size distribution
measurements, scanning electron microscopy, density measurements, static angle of
repose measurements and the examination of avalanching behaviour.

Impeller speed and chopper operation affected the high shear wet granulation of a
lactose based placebo formulation. Adjusting the impeller speed was found to
drastically change the properties of the granules. A critical speed (above 300 rpm) was
necessary to incorporate all of the formulation components and increase median particle
size. Intermediate impeller speeds of 700 and 1100 rpm were found to produce the most
desirable granules based on several granule property measurements. However, due to
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the large agglomerates and bowl caking generated at 1100 rpm, 700 rpm was
determined to be the optimal impeller speed for a lactose formulation in a PMA-1 high
shear granulator. The role of the chopper was found to vary depending on the speculated
flow regime present in the granulator, which is subject to impeller speed. At an impeller
speed of 700 rpm, operating the chopper at 1000 rpm is recommended to force particles
from the bowl walls into the active toroidal flow allowing growth to optimum granules
meanwhile minimizing breakage from contact with the chopper.

Granule properties were extensively determined using avalanching behaviour. This
relatively new measurement technique allowed the dynamic behaviour of the granules
to be evaluated. It therefore became an important and significant evaluation technique
allowing the optimum impeller speed and chopper operation to be evaluated for a PMA1 high shear granulator.

Tablet uniformity and homogeneity throughout batches is critical. Inconsistent
distributions of formulation components between tablets can result in ineffective
treatment or lethal doses. Due to these concerns, tablets that test poorly must be
discarded, resulting in costly product losses. Since granulation is a significant operation
that affects final tablet uniformity, improvements to this process can directly improve
tablet consistency and ensure high-quality products.

In addition to formulation components, granulation operating parameters can have a
significant effect on the final granule properties. Thus determining how these conditions
affect granule properties as well as how they interact with one another can provide a

107
better understanding of the granulation process which can lead to reduced product loss,
tablet development time and overall manufacturing costs.

